Abstract. The turbulence structure of a stable marine atmospheric boundary layer in the vicinity of a coastal headland is examined using aircraft observations and numerical simulations. Measurements are drawn from a flight by the NCAR C-130 around Cape Mendocino on the coast of northern California on June 7 1996 during the Coastal Waves 96 field program. Local similarity scaling of the velocity variances is found to apply successfully within the continuously turbulent layer; the empirical scaling function is similar to that found by several previous studies. Excellent agreement is found between the modelled and observed scaling results. No significant change in scaling behaviour is observed for the region within the expansion fan that forms downstream of the Cape, suggesting that the scaling can be applied to horizontally heterogeneous conditions; however, the precise form of the function relating scaled velocities and stability is observed to change close to the surface. This result, differences between the scaling functions found here and in other studies, and the departure of these functions from the constant value predicted by the original theory, leads us to question the nature of the similarity functions observed. We hypothesize that the form of the functions is controlled by non-local contributions to the velocity variance budgets, and that differences in the non-local terms between studies explain the differences in the observed scaling functions.
Introduction
The coastal marine atmospheric boundary layer (ABL) is an inherently heterogeneous environment. The region in which boundary-layer dynamics are directly affected by the coast extends offshore approximately one Rossby radius -up to 100 km or so (Overland, 1984) . Within this region the large contrast in surface conditions between land and sea, and the constraints imposed upon the mean flow by the coastal topography, force a high degree of spatial variability resulting in a complex environment where the assumptions and simplifications that are used freely within the homogeneous ABL over the open ocean may not necessarily apply. Many coastal regions experience the frequent occurrence of stable conditions Current Affiliation: Institute for Atmospheric Science, School of the Environment University of Leeds, Leeds, LS2 9JT, U.K. E-mail: ibrooks@env.leeds.ac.uk resulting either from offshore flow from a warmer landmass, or the advection of a marine air mass over cool upwelling water close to the coast. The latter situation prevails along the west coasts of major continental landmasses.
Stable boundary layers are less well understood than the convective case, in part due to a lack of extensive measurements. In contrast to convective conditions, the stable ABL is not readily characterized by simple length and time scales, but is a complex function of wind speed, stratification, radiative and turbulent processes, and the time history of these factors (Nappo and Johansson, 1999) . Turbulence is weak, sometimes intermittent, and often co-exists with gravity waves. Spatial heterogeneity means that measurements at a single location may not be representative of the environment as a whole. The parameterizations of surface fluxes are uncertain, particularly over the oceans where results derived from measurements over land remain largely unverified; as a consequence, numerical models tend to perform poorly for stable conditions (Nappo and Bach, 1997). Several recent studies have reported significant discrepancies between bulk estimates and directly measured surface fluxes under stable conditions (Rogers et al., 1998; Edson et al., 2000; Oost et al., 2000) .
Routine meteorological measurements over coastal waters are sparse. Operational soundings are made from islands or land-based coastal stations, but suffer from contamination by land effects and are rarely representative of conditions even a few kilometres offshore (Dorman et al., 2000) . A network of buoys situated 15 to 25 km offshore around the United States makes surface observations, but the buoys are widely scattered and capture only the broadest mesoscale features of coastal flow. Observations of turbulence, small-scale variability, and the vertical structure of the boundary layer offshore are limited to a handful of aircraft-based field studies (Brost et al., 1982a, b; Beardsley et al., 1987; Zemba and Friehe, 1987; Enriquez and Friehe, 1995; Brooks and Rogers, 1997 ). An extensive measurement program of coastal ABL structure took place off the coast of northern California and Oregon during the summer of 1996. The Coastal Waves 96 field program (CW96) was designed to address problems concerning the dynamics and mesoscale variability of the coastal boundary layer. Eleven research flights were made by the National Center for Atmospheric Research C-130 Hercules during June and early July 1996. An overview is given by Rogers et al. (1998) and results have been presented in an extensive series of publications (Burk et al., 1999; Tjernström, 1999; Ström, 1999; Dorman et al., 1999 Dorman et al., , 2000 Dorman and Winant, 2000; Edwards, 2000; Tjernström and Grisogono, 2000; Edwards et al., 2001; Haack et al., 2001; Brooks, 2001; Söderberg and Tjernström, 2001) . To date the analysis of aircraft data from CW96 and associated modelling studies have focused on the mesoscale dynamics and variability. This study examines the turbulence structure and processes, and the along-wind evolution of the small-scale vertical structure of the boundary layer, utilizing both aircraft-based observations and three-dimensional (3D) numerical simulations.
